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Dopants of transition metal ions in II-VI semiconductors exhibit native 2+ valency. Despite this,
3+ or mixed 3+/2+ valency of iron ions in ZnO was reported previously. Several contradictory
mechanisms have been put forward for explanation of this fact so far. Here, we analyze Fe valency
in ZnO by complementary theoretical and experimental studies. Our calculations within the gen-
eralized gradient approximation (GGA+U) indicate that the Fe ion is a relatively shallow donor.
Its stable charge state is Fe2+ in ideal ZnO, however, the high energy of the (+/0) transition level
enhances the compensation of Fe2+ to Fe3+ by non-intentional acceptors in real samples. Using
several experimental methods like electron paramagnetic resonance, magnetometry, conductivity,
excitonic magnetic circular dichroism and magneto-photoluminescence we confirm the 3+ valency
of the iron ions in polycrystalline (Zn,Fe)O films with the Fe content attaining 0.2%.We find a pre-
dicted increase of n-type conductivity upon the Fe doping with the Fe donor ionization energy of
0.25 ± 0.02 eV consistent with the results of theoretical considerations. Moreover, our magnetoop-
tical measurements confirm the calculated non-vanishing s,p-d exchange interaction between band
carriers and localized magnetic moments of the Fe3+ ions in the ZnO, being so far an unsettled
issue.
PACS numbers: 75.50.Pp, 78.20.Ls, 71.15.Mb, 71.55.-i, 71.55.Gs
I. INTRODUCTION
The magnetically doped zinc oxide holds a great
promise for implementations in optoelectronic devices.1–4
As a member of a wide bandgap semiconductor family
it is characterized by a small lattice constant, a pos-
sible large p-d hybridization, a small spin-orbit inter-
action, and a large exciton oscillator strength. These
properties make ZnO based dilute magnetic semicon-
ductors DMSs highly attractive for room temperature
applications.2,5,6 Unique magnetic and magnetooptical
properties have been already demonstrated, e.g., for
(Zn,Co)O and (Zn,Mn)O.1,7–11 Ultra long spin coherence
time (> 150 µs) found recently12 for Fe3+ ions in the ZnO
indicates (Zn,Fe)O as a highly promising spintronic sys-
tem. Systematic studies of magnetooptical properties of
the ZnO doped with iron ions are, however, still miss-
ing. In particular, in the work of Ando et al. (Ref. 7)
Magnetic Circular Dichroism (MCD) spectrum has been
shown for the (Zn,Fe)O, but no dependence on the mag-
netic field nor the iron charge state was determined. Also,
there is no literature record related to properties of near-
the-band-gap photoluminescence (PL) of the (Zn,Fe)O in
magnetic field.
Dopants of transition metal ions in II-VI semiconduc-
tors natively exhibit the 2+ valency. In particular, 2+
valency was reported for the iron ions in CdS, ZnS, CdSe,
ZnSe, CdTe and ZnTe.13–20 In the case of ZnO the Fe ions
have been, however, observed in parallel in both valence
states (2+ and 3+)21–25 or exclusively in 3+ state.26
Several contradictory mechanisms have been put for-
ward for explanation of 3+ valency of iron in ZnO, like
promotion of Fe2+ into the Fe3+ due to a compensation
induced by Zn vacancies,23 photoionization of the Fe2+
centers26 or a direct charge transfer from the ion to the
conduction band25. In parallel, the long spin coherence
time12 suggests that the Fe3+ ions in ZnO are decoupled
from their environment. Thus, there are at least two
questions that still need to be answered: (i) What is the
valency of Fe ions in ZnO? (ii) Do the Fe3+ ions couple
to band carriers through s,p-d exchange interaction?
In this work, we start with presenting the results of
the density functional theory (DFT) study of the elec-
tronic and magnetic properties of Fe in ZnO. The gener-
alized gradient approximation, together with the +U cor-
rections considered as fitting parameters, are employed.
Calculations performed with U(Fe) larger than 3 eV show
that the Fe2+ is a relatively shallow donor with the (+/0)
transition level in the upper part of the gap, and therefore
the stable charge state of Fe in ideal ZnO is the Fe2+. The
experimental ionization energy, around 0.25 eV, is repro-
duced with U(Fe) = 4 eV. The high energy of (+/0) level
relative to the valence band facilitates compensation of
the Fe2+ to the Fe3+ by, e.g., native acceptors because of
the so-called Fermi level effect. When U(Fe) lower than
3 eV is assumed, the donor level of the Fe2+ is degen-
erate with the conduction band, while that of the Fe3+
2forms a gap state. In this case, a correct description of
the electronic structure of Fe within GGA is not possi-
ble, as discussed in Appendix A. Finally, our calculations
point toward non-zero values of s,p-d exchange constants
in the (Zn,Fe)O.
In the second part of the paper we provide a set
of experimental results of magnetometry, conductivity
and magnetooptical measurements on the (Zn,Fe)O sam-
ples with the Fe content attaining 0.2%. They confirm
the theoretical findings. Magnetometry results point to-
ward 3+ valency of the Fe ions. Conductivity measure-
ments reveal ionization energy of the Fe ions around
0.25 eV. Brillouin-like dependencies found in measure-
ments of MCD and of PL in magnetic field along with
a clear Curie-paramagnetic dependence of magnetization
on temperature determined from magnetospectroscopy
confirm presence of the Fe ions in 3+ charge state and the
ion-carrier s,p-d exchange interaction in the (Zn,Fe)O.
The paper is organized as follows. Section II presents
the method and the results of the calculations, which ex-
plain the valency of iron ions in ZnO and predict non-zero
s,p-d exchange integrals for the (Zn,Fe)O. Sec. III de-
scribes the samples studied along with the results of their
structural characterization. Sec. IV gathers experimental
results obtained with non-optical methods, which testify
the presence of iron ions in 3+ valency in the studied
samples. Sec. V reports on the results of magnetospec-
troscopy investigations, which confirm the findings from
the Sec. II and Sec. IV, in particular by providing evi-
dence for the s,p-d exchange interaction in the (Zn,Fe)O.
II. THEORY
A. Theoretical background and method of
calculations
Theoretical description of transition metal (TM) im-
purities in semiconductors represents a demanding test
for electronic structure calculations for two reasons. The
first one is that the local density approximation (LDA)
and GGA to the DFT severely underestimate the band
gap, due to which the TM levels can be incorrectly pre-
dicted to form resonances degenerate with the conduc-
tion band continuum, rather than the experimentally
observed states in the band gap. This error can lead
to an erroneous charge state of a TM impurity, metallic
rather than insulating crystal, spurious magnetic interac-
tions between the dopants, etc.27,28 The second problem
is related to a localized nature of the 3d wave functions,
for which many body effects can play an important role,
requiring usage of approaches beyond LDA/GGA. This
holds for both orbitals of host semiconductors and d(TM)
impurity orbitals. In the case of ZnO, both LDA and
GGA give a too small band gapEgap of about 1.0 eV,
29–31
and a too high energy of the d(Zn)-derived bands relative
to the valence band maximum (VBM).32
The hybrid functionals33–36 and quasiparticle GW ap-
proaches31,37–41 are more accurate methods to describe
the band structure. However, as recently pointed out in
Ref. 31, they improve mainly the band gap, while plac-
ing the d(Zn) band too high. Consequently, Lim et al.
applied an on-site potential for d(Zn) states during GW
calculations to shift down the d(Zn)-derived bands and
hence to obtain full agreement with experiment.31
An alternative pseudoempirical approach consists in
using GGA supplemented by the +U corrections,42–44
which can be calculated e.g. by the linear response
method44 or can be treated as free parameters fitted to
experimental data. The +U term applied to d(Zn) or-
bitals31,45–47 greatly improves the position of d bands,
but hardly affects the band gap. The correct gap was
obtained by applying an extremely large U term to s(Zn)
states (∼ 40 eV) in addition to U for d(Zn) states.48,49
Another method consisted in using +U for d(Zn) supple-
mented by empirical non-local external potentials on s
and p states of both Zn and O atoms.28 To obtain the
correct Egap within GGA+U one should note that the
upper valence band is mainly derived from the p(O) or-
bitals. Consequently, the U term for the p(O) orbitals,
in addition to U(Zn), should be included.50–52 This ap-
proach is employed in this work, as described below.
The calculations are performed within DFT theory
with the GGA for the exchange-correlation potential.53,54
The +U corrections are included according to Refs 42–
44. We use the pseudopotential method implemented
in the Quantum ESPRESSO code,55 with the valence
atomic configuration 3d104s2 for Zn, 2s2p4 for O and
3s2p64s2p03d6 for Fe, respectively. The plane-waves ki-
netic energy cutoffs of 30 Ry for wave functions and
180 Ry for charge density are employed. The electronic
structure of ZnO in the wurtzite phase is examined with
the 8 × 8 × 8 k-point grid. Analysis of a single Fe im-
purity in ZnO is performed using the 3× 3× 2 supercell
with 72 atoms (2.8 at % of Fe) and the 3× 3× 4 super-
cell with 144 atoms (1.4 at % of Fe). For the density of
states (DOS) calculations, the k-space summations are
performed with a 3 × 3 × 3 k-point grid. Ionic positions
are optimized until the forces acting on ions are smaller
than 0.02 eV/A˚. Methfessel-Paxton56 smearing method
with the smearing width of 0.136 eV or lower is used
for partial occupancies. Calculations with fixed occupa-
tion matrices are performed at the Γ point only using the
smaller 3× 3× 2 supercell.
The values of the U terms for 3d(Zn) and 2p(O) or-
bitals are fitted to reproduce the band structure of ZnO.
We find that U(Zn)=12.5 eV and U(O)=6.25 eV repro-
duce both the experimental Egap of 3.3 eV,
46,57,58 and
the energy of the d(Zn) band, centered about 8 eV below
the VBM.31 They also lead to the proper width of 6 eV
of the upper valence band of mostly p(O) character, in
accordance with the experiment.31 Our U parameters, al-
though relatively high, are similar to the values reported
in other works. In Refs 50 and 51, U(Zn)= 10 − 12 eV
and U(O)= 6 − 7 eV were fitted to the experimental
band structure. Importantly, in Ref. 52, parameters
3U(Zn)=12.8 eV and U(O)=5.29 eV were calculated by
using pseudohybrid Hubbard density functional method.
This is consistent with the fitted values, and thus pro-
vides a complementary justification of the used +U pa-
rameters.
The relaxed crystal structure agrees well with experi-
ment: the lattice parameters a = 3.23 A˚ and c = 5.19 A˚
as well as internal parameter u = 0.38 are underesti-
mated by less than 1 % in comparison with experimental
values a = 3.25 A˚, c = 5.20 A˚, and u = 0.38.59 The value
of U(Fe) is considered as a free parameter varying from
0 to 6 eV. Finally, the increase of the temperature from
0 to 300 K causes a change of the measured band gap
by about 0.1 eV. This change is neglected in the calcula-
tions, since it does not affect the conclusions.
B. Energy levels of Fe impurity in ZnO
In ideal II-VI semiconductors, i.e., those without ad-
ditional dopants and defects, a single Fe impurity is ex-
pected to occur in the Fe2+ (q = 0) charge state, with
6 electrons on the d(Fe)-induced levels and total spin
S = 2. However, as it follows from the present results,
due to proximity of Fe levels to the ZnO conduction band,
the description of electronic configuration of Fe in ZnO
is not straightforward. More specifically, for small val-
ues of U(Fe), 0 ≤ U(Fe)≤ 2.5 eV, the calculated level
of Fe2+ is degenerate with the continuum of the conduc-
tion band, and there are fundamental problems with the
correct description of this case within LDA/GGA. This
issue is discussed in detail in Appendix A. On the other
hand, those problems are absent when higher values of
U(Fe) are assumed. In this case, in the ideal ZnO, Fe is
a standard impurity in the 2+ charge state. Due to the
proximity of the donor level to the conduction band we
predict, however, an easy ionization of Fe2+ to the Fe3+,
either by thermal excitation of an electron to the conduc-
tion band, or by electron transfer to acceptors present in
the host. This means that in the realistic case of imper-
fect samples both Fe2+ and Fe3+ should co-exist.
The band structure and DOS of ZnO calculated assum-
ing U(Fe)= 4 eV is shown for the Fe3+ and Fe2+ case in
Fig. 1(a) and Fig. 1(b), respectively. The impurity d(Fe)
gap states constitute nearly dispersionless bands, while
their energies strongly depend on the Fe charge state. To
make the discussion transparent we begin the analysis by
Fe3+, and then move to Fe2+.
The Fe ion in the q = +1 charge state, Fe3+, assumes
the electronic configuration d5 characterized by 5 elec-
trons on the d(Fe) levels and total spin S = 5/2. In this
case, Fe introduces two spin-up states below the VBM:
the e2↑ doublet and the t2↑ triplet, which form broad
resonances within the valence band, see Fig. 1(c). The
exchange spin-up−spin-down splitting is strong, ∼ 3 eV,
since the e2↓ doublet is at 3.0 eV, while the t2↓ triplet is
practically degenerate with CBM. Both spin down lev-
els are empty. Addition of one electron to the ZnO:Fe3+
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FIG. 1: (Color on-line) Energy bands and DOS of ZnO with
Fe in: (a) and (c) q = +1 charge state, Fe3+, (b) and (d)
q = 0 charge state, Fe2+. Grey area and blue lines in DOS
indicate the total DOS and the DOS projected on d(Fe) or-
bitals, respectively. Red lines denote the band gap of ZnO.
Zero energy is set at the VBM. The calculation is performed
with the 144-atom supercell for U(Fe) = 4 eV.
system results in the q = 0 charge state Fe2+, with 6
electrons on the d(Fe)-induced levels. In this case, the
energies of Fe-induced levels rise due to the increased in-
tracenter Coulomb repulsion, the e2↑ doublet is still de-
generate with the valence band, while the t2↑ triplet is
at about 0.8 eV above VBM, and is split into a et↑ dou-
blet and a at↑ singlet. More importantly, the at↓ singlet
occupied with one electron is 0.25 eV below CBM.
The value of U(Fe) is treated here as a parameter to
be fitted to experiment. The dependence of the Fe states
on the U(Fe) is presented in Fig. 2. As it is discussed in
Refs 60,61 for transition metal impurities in GaN, the U -
induced shift of an impurity level depends on its occupa-
tion, and is negative (positive) for the occupied (empty)
state. This feature is clearly seen in Fig. 2(a) for both
the occupied e2↑ and t2↑, and the empty e2↓ and t2↓ lev-
els of Fe3+. The calculated dependencies of e2↑ and t2↑
on U(Fe) are non-linear because of their increasing hy-
bridization with valence states.
The case of Fe2+, Fig. 2(b), is more complex. For the
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FIG. 2: (Color on-line) Energy levels of (a) Fe3+, (b) ”Fe2+”
(for U(Fe)≤ 2.5 eV, see Appendix A) and Fe2+ (for U(Fe)>
3 eV), and (c) the transition level ε(+/0) calculated as a func-
tion of U(Fe). The 72 atom supercell is used in calculations.
U(Fe) up to 2.5 eV, the calculated energies of the spin
down levels are degenerate with the conduction band,
but this ”pseudo-resonant” character of Fe is largely
an artefact of GGA, see Appendix A. The t2↓ triplet
is about 1 eV above e2↓, as for Fe
3+. In the interval
2 < U(Fe)< 2.5 eV, an abrupt change in the order the
Fe-induced levels occurs. In particular, the t2↓ triplet
splits, the at↓ singlet derived from t2↓ is lower in energy
than the e2↓ doublet, becoming a gap state for the U(Fe)
higher than 3 eV (see Ref. 62). Since at↓ is occupied
with one electron, its energy decreases with the U(Fe).
This splitting of t2↓ changes the atomic configuration by
increasing the difference between the length of the Fe-O
bond along the c-axis and those of the three remaining
planar bonds, see Ref. 63. This, in turn, induces the
splitting of the t2↑ gap state for U(Fe)> 2.5 eV. Con-
sequently, for the U(Fe)> 3 eV, Fe is a donor with an
occupied singlet in the band gap and spin 2. This allows
for calculations of the transition level and ionization en-
ergy of Fe.
The change of the charge state of Fe is determined by
the ε(+/0) transition level between q = +1 and q = 0
charge states. It is defined as the Fermi energy relative to
VBM at which formation energies of the 0 and +1 charge
states are equal:
ε(+/0) = E(q = 0)− E(q = +1)− eV BM , (1)
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FIG. 3: (Color on-line) DOS of pure ZnO and ZnO with Fe
in the q = +1 charge state, Fe3+, after potential alignment
∆Epa = −0.11 eV. To improve visibility, a contribution of the
Fe states, shown in blue, is multiplied by 10. U(Fe) = 4 eV
is used in calculations.
where E(q) is the total system energy. The calculations
are performed along the scheme proposed in Ref. 49. The
energy of VBM, eV BM , is determined from the total en-
ergy difference between the pure ZnO crystal with and
without a hole in the VBM, i.e.
eV BM = E(ZnO, q = 0)− E(ZnO, q = +1). (2)
In general, the supercell results must be corrected for
finite size effects by taking into account the band fill-
ing correction, and the image charge corrections together
with potential alignment for charged defects.49,64,65 In
the latter case, a compensating homogeneous background
charge is assumed. This guarantees charge neutrality,
i.e., a correct value of the G = 0 component of elec-
trostatic potential, but it also requires an alignment of
the average electrostatic potential in the supercell with
and without the defect. The potential alignment energy
∆Epa is estimated by comparing the DOS of pure ZnO
and of ZnO:Fe3+. Far from the defect levels, the energy
shift for charged system is ∆Epa = −0.11 eV (Fig. 3).
Image charge correction ∆EMP stems from the elec-
trostatic coupling between charged defects in different
supercells. The simplified version of the one proposed in
Ref. 64 is employed,
∆EMP = [1 + csh(1− ε
−1)]
q2αM
2εV 1/3
, (3)
where αM is the Madelung constant, ε = 10.3 is the low-
frequency dielectric constant, V is the supercell volume,
and csh = −0.365 is the shape factor for a 3 × 3 × 2
HCP supercell. This gives ∆EMP = 0.16 eV. Thus, the
potential alignment and the image charge term cancel to
a good approximation. Regarding the convergence with
respect to the supercell size we note that supercells with
about 100 atoms give well convergent results even for
highly charged defects, see Ref. 64. Our results confirm
this, since the values obtained with 72 and 144 atom
supercells agree to better than 0.1 eV. Finally, in the
present case the band filling correction vanish, since the
5bands derived from the d(Fe) are fully occupied for both
Fe2+ and Fe3+.
The calculated ε(+/0) transition level is shown in
Fig. 2(c) as a function of U(Fe). In agreement
with Fig. 2(b), ε(+/0) coincides with the CBM for
U(Fe)=3 eV, and decreases in energy with the increasing
U(Fe).
A quantity often considered in the context of exper-
iment is the ionization Eion energy. (Here, the Eion is
experimentally determined from the temperature depen-
dence of conductivity in Sec. IVC.) It can be calculated
as the total energy difference between the final and the
initial states of the system, which are the Fe3+ with
one electron in the conduction band and Fe2+, respec-
tively. As it is pointed out in Refs 49,65, the energy of
the ε(+/0) level counted from the VBM and the ther-
mal ionization energy Eion should add up to the Egap.
In practice, when the two quantities are determined in
calculations small differences between them occur due to
the used approximations. For instance, when calculat-
ing the total energy of the q = +1 state, the fictitious
neutralizing background is assumed. (However, in actual
calculations the background is not introduced. Instead,
the G = 0 component of the electrostatic potential is
assumed to vanish.64) On the other hand, in the calcula-
tions of the Eion, both in the initial and the final state
the supercell are electrically neutral, and introduction of
the background (or the adjustment of the G = 0 compo-
nent of the total electrostatic potential) is not necessary.
Another source of discrepancies is the limitation of the
Brillouin zone summations to the Γ-point, used in the
calculations of excited states with fixed non-equilibrium
occupations. In our case, both approaches agree within
0.1 eV.
By comparing theory with experiment we find that our
experimental value Eion = 0.25 ± .02 eV is reproduced
when U(Fe)=4 eV, Fig. 2(c).66 This is close to 4.3 eV
for FeO, and larger than U(Fe)= 2.2 ± 0.2 eV found for
bulk Fe.44 It is worth to note that despite the almost
vanishing U for Mn and Fe found in the corresponding
case of GaN,60,61 a recent study67 indicates that also for
Mn in ZnO, the U(Mn) term is about 1.5 eV, i.e., larger
than in GaN.
Previous theoretical investigations of Fe in ZnO pro-
vided conflicting results regarding the stability of the
Fe2+ charge state.27,68–72 The uncertainty is largely due
to the band gap problem, mentioned in the Subsec-
tion IIA. The LDA/GGA calculations typically situated
the e2↓ of Fe
2+ above the CBM, but this level ordering
can result from the too low band gap. On the other hand,
the gap-corrected approaches predicted the e2↓ state be-
low the CBM. In the former case, the instability of Fe2+
is expected as discussed above, but this possibility was
not explicitly addressed. More specifically, in Ref. 68 the
LDA was used. The e2↓ state of Fe was found to pin
the Fermi level, and its energy was degenerate with the
CBM; this is close to the present results for small U(Fe),
see Appendix A. Such a situation was also predicted by
TABLE I: The Fe magnetic moment M (µB), conduction
∆Ec (eV) and valence ∆Ev (eV) band-edge spin splittings,
and exchange constants N0α (eV), N0β (eV) for q = 0 and
q = +1 charge state. Results are obtained for the 72-atom
supercell, x = 0.028. For q=+1 and U(Fe)=0, values of the
∆Ev and the N0β can not be precisely determined, as indi-
cated by ”∗” (see Sec. IIC for details).
U(Fe) M ∆Ec ∆Ev N0α N0β
q = 0 0 4.29 0.024 0.033 0.41 0.55
4 eV 4.00 0.032 0.112 0.57 2.01
q = +1 0 4.89 0.030 ∗ 0.44 ∗
4 eV 5.00 0.027 -0.029 0.38 -0.42
the LDA calculations of Ref. 69. LDA was also used
in Ref. 70 with the +U term applied only to d(Fe) or-
bitals, which gave a strongly underestimated band gap,
and the energy of e2↓ above the CBM. Previous theoret-
ical approaches to Fe in ZnO with the corrected gap in-
cluded the LDA with the self-interaction corrections and
U(Fe)= 5.5 eV;71 this provided an Fe-induced spin-down
band at 1.8 eV above the VBM. Similarly, in Ref. 27 the
band structure of pure ZnO was fitted to experiment, and
the corrections for d(Fe), U = 3.5 eV and the exchange
constant J = 1 eV (thus effectively U(Fe)=2.5 eV) were
applied. The (+/0) transition level was found at 1.98 eV,
i.e., about 1.4 eV below the CBM. In Ref. 72, GGA+U
with U(Fe)= 2.2 eV and U(Zn)= 4.7 eV was employed
together with an empirical band gap correction. The
(+/0) transition level was predicted at 2.9 eV above the
VBM. This is close to our results with U(Fe)= 4− 5 eV.
C. s,p-d coupling
The calculated spin splitting of the conduction band
∆Ec = Ec↓−Ec↑ and the valence band ∆Ev = Ev↓−Ev↑,
produced by the coupling of Fe with the host ZnO states,
can be used to estimate the s,p-d coupling. Within the
mean-field approximation, the exchange constants are ex-
pressed by73
N0α = ∆Ec/(x〈S〉), N0β = ∆Ev/(x〈S〉), (4)
where x is the concentration of the Fe ions and 〈S〉 is one
half of the computed magnetization.
The calculated values are given in Table I. As it follows
from the Table, the constant N0α is around 0.4 eV for
both, 2+ and 3+, Fe charge states. The obtained value
is comparable to the typical one, 0.2 eV, found in II-VI
compounds.74 Moreover, the N0α depends on the U(Fe)
only weakly.
In contrast, the constant N0β is strongly dependent
on both the Fe charge state and the U(Fe). For q = 0
and U(Fe)≤ 2 eV, the N0β is obtained for ”Fe
2+” charge
state, and thus it should be considered as an estimate.
6The obtainedN0β, 0.5−1 eV, is smaller than typical iron-
hole exchange integrals for II-VI compounds,75–78 but of
the same order as effective exchange integrals reported
for wide gap DMSs8,9,79–83 With the increasing U(Fe), t2↑
approaches the valence band (see Fig. 2), which increases
the spin splitting of the VBM, and for the U(Fe)= 4 eV
the N0β reaches 2.0 eV . On the other hand, for q = +1,
i. e., the Fe3+ case, evaluation of the N0β is obscured by
energetic proximity of the VBM and the t2↑ level. Indeed,
as it follows from DOS shown in Fig. 1(c), for q = +1
the t2↑ state is degenerate with the top of the valence
band, and therefore its coupling with the host valence
states is very pronounced. Also a direct inspection of the
wave functions of the states close to the VBM reveals
the strong hybridization, which makes it impossible to
clearly distinguish between band states and Fe-induced
states. For the U(Fe)=4 eV, the t2↑ is well below the
VBM, and we obtain the N0β = −0.42 eV.
Regarding the sign of the interaction, we find that con-
duction electrons are ferromagnetically coupled with the
Fe impurities, as expected for the direct exchange cou-
pling.74 The Fe-hole coupling has the kinetic exchange
character,74 driven by the hybridization of the Fe and
host states. The sign of the coupling constant is deter-
mined by the energy of t2↑ relative to the VBM. For
q = 0, t2↑ is above the VBM, and the coupling of holes
with the Fe is ferromagnetic. For q = +1 the coupling
changes the sign. In this case, N0β is formally evalu-
ated from the spin splitting of the highest valence states.
Such an approach corresponds to the interpretation of
luminescence experiments, in which one determines the
spin splitting of the highest valence states involved in the
exciton recombination regardless of their actual orbital
composition.
The coupling between the Fe and O first nearest neigh-
bors induces magnetic moment on O ions. In the case of
Fe3+ observed in EPR, the calculated magnetic moments
of O ions are ∼ 0.19 µB, and that of the Fe is ∼ 4.17 µB.
The corresponding total magnetic moment is 5.0 µB. In
the case of Fe2+, the spin of the sixth d(Fe) electron is
antiparallel to the remaining ones, thus both the total
magnetic moment and the contributions from Fe and O
neighbors are lower than for the Fe3+ case. The results
hardly depend on the U(Fe) value.
The wave functions at the Γ point of the VBM, e2↑,
t2↑, and the CBM are shown in Fig. 4 for q = 0 and
the U(Fe)= 0. As expected, the top of the valence band
is composed of p(O) and of d(Fe), while the contribu-
tion of d(Zn) is less pronounced. The two gap states
are dominated by d(Fe), but the contribution of the host
states, mostly the O nearest neighbors, is clearly visi-
ble. The hybridization is more pronounced in the case
of t2↑. (The structure of both e2↑ and t2↑ is the same as
for Mn in GaN,84,85 while the contribution of the Fe to
the VBM in ZnO is lower than that of the Mn in GaN.)
The wave functions of the two Fe-induced e2↓ and t2↓
states, degenerate with the conduction band continuum,
are very similar to those of the spin up e2↑ and t2↑ (see
FIG. 4: (Color on-line) Contour plots of the wave functions
squared of (a) the top of the valence band, (b) e2↑, (c) t2↑,
and (d) the bottom of the conduction band. Blue, green, and
red dots denote O, Zn, and Fe atoms, respectively.
Fig. 4) and thus are not shown. Finally, the conduction
band edge, formed by s(O) states and a small contribu-
tion of s(Zn/Fe) states, is practically not perturbed by
the d(Fe). The coupling with the conduction states oc-
curs via the direct exchange mechanism,74 and does not
necessitate hybridization. The calculations performed for
the U(Fe)= 4 eV provide comparable results.
Summing up the theory part of the paper, there are
fundamental difficulties with a correct GGA description
of the q = 0 charge state. They stem from the fact that
the e2↓, which should be occupied by one electron in the
Fe2+ case, is above the empty conduction band. In conse-
quence, self-ionization should occur. However, when the
electron occupies the CBM, the e2↓ level is below CBM,
which also does not correspond to the ground state con-
figuration of the system. The paradoxal situation, anal-
ogous to that found for the isolated Fe atom86,87, is ana-
lyzed in Appendix A, where it is indicated that a correct
description of ZnO:Fe is not possible within GGA.
This problem is absent for both the U(Fe)> 2 eV, and
for the q = +1 charge state. In particular, the large
U > 3 eV correction induces a decrease of the at↓ state of
7Fe2+ below the CBM, which corresponds to a standard
configuration of a relatively shallow donor with a well-
defined transition level in the upper part of the band gap.
This facilitates compensation by native acceptors, such
as zinc vacancies34,88,89 thanks to the self-compensation
effect (i.e., to the dependence of formation energy on
the Fermi energy).90 The Fe3+-induced levels are about
1.2 eV lower than those of the Fe2+. This large difference
in the level energies of q = 0 and q = +1 stems from
the strong intracenter Coulomb repulsion between the
d(Fe) electrons caused by the localization of their wave
functions. Interestingly, in the case of Mn in ZnO the
intracenter Coulomb repulsion is of comparable strength,
and it leads to metastability of the photoexcited Mn3+.67
The exchange coupling constant N0α, about 0.4 eV,
does not depend on the Fe charge state. N0β is non-
vanishing as well, but it depends on the charge state of
the Fe: it amounts to about 2.0 eV for the Fe2+, while
for the Fe3+ it is predicted to be lower and of opposite
sign, −0.4 eV, since the t2↑ level is degenerate with the
VBM.
III. SAMPLES
Studied ZnO layers doped with the Fe ions are pro-
duced by a spray pyrolysis method on quartz or glass
substrates,91 with a respective thicknesses of 600±50 nm
and 150 ± 30 nm, as determined by Scanning Electron
Microscope measurements (not shown). The layers ex-
hibit a polycrystalline structure with 100± 20 nm grain
size. As determined by magnetometry measurements (see
Sec. IVB), the atomic concentration of the iron ions is
x = 0.2± 0.05 %, which corresponds to the iron ion den-
sity of (5± 1) · 1019 at/cm3. A layer of pure ZnO is also
grown in the same conditions as the Fe doped ones.
X-ray diffraction (XRD) characterization shows that
the samples exhibit the crystalline structure of the hexag-
onal ZnO (see Fig. 5). The Bragg peak (002) is domi-
nant, suggesting that the (002) plane growth rate is the
fastest one. The plane (002) is arranged parallel to the
substrate, i. e., the preferential c-axis orientation is per-
pendicular to the film plane for all the samples.
IV. EXPERIMENT: 3+ VALENCY OF IRON
DOPANT IN ZNO
In order to determine the valence state of iron ions
incorporated into the samples, we investigate magnetic
and conductivity behavior of the studied layers.
A. Electron Paramagnetic Resonance
Electron Paramagnetic Resonance (EPR) measure-
ments are performed at the room temperature using a
Bruker ELEXSYS E580 CW spectrometer operating at
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FIG. 5: X-ray diffraction spectra of (Zn,Fe)O and ZnO layers
deposited on quartz. The spectra are vertically shifted for
clarity.
a microwave frequency around 9.4 GHz (X band) with
a TE102 resonance cavity. To find the best measure-
ment conditions, the spectra are measured as a function
of the microwave power in the range between 0.047 mW
and 150 mW, at temperature from 2 K up to the room
temperature, and modulation amplitude of the magnetic
field from 0.1 mT up to 0.5 mT. The signal from the
quartz or glass substrate alone, i.e., without any de-
posited (Zn,Fe)O layer is also measured and then sub-
tracted as the background from the total signal measured
on the studied samples. No powdering of the samples is
done.
Two relatively sharp resonance lines are observed at
magnetic fields around 300 mT, superimposed on a broad
band spectrum, as shown in Fig. 6. The fit with a deriva-
tive of a sum of two Gaussian curves yields g-factor equal
g|| = 2.00 ± 0.01 and g* = 2.15 ± 0.01, for a resonance
respectively at a higher and lower magnetic field value
(see Fig. 6). The g|| value agrees very well with the one
reported in a previous study for the −1/2 ↔ 1/2 fine
structure transition of isolated, substitutional Fe3+ ion
(S=5/2) in ZnO powders (2.0062).92 We therefore at-
tribute it to the Fe3+ ions in polycrystallites with the
c-axis oriented along the normal to the sample plane.
We attribute the second resonance and corresponding g-
factor g* to 1/2 ↔ −1/2 transition of the Fe3+ ions in
polycrystallites, which c-axes deviate from the normal
to the sample plane. A presence of such polycrystallites
in the studied samples has been revealed by maxima in
XRD spectrum different then 002 (see Fig. 7). Since the
linewidth of the weaker ±5/2↔ ±3/2 and ±3/2↔ ±1/2
fine structure transitions is much more sensitive to vari-
ations of the polycrystallite size and position of the Fe
ion (on the surface of/inside the polycrystallite), the cor-
responding resonances are smeared out and contribute
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FIG. 6: (Color on-line) Electron Paramagnetic Resonance
spectrum of (Zn,Fe)O (x = 0.2 %) sample registered at T =
300 K, acquired with the microwave power 1.5 mW, modu-
lation amplitude 0.1 mT, and microwave frequency 9.393668
GHz. Due to a very weak EPR signal intensity, in order to
improve signal-to-noise ratio, the spectrum has been averaged
over ten acquisitions. Fit with a derivative of a sum of two
Gaussian curves (blue line) yields g|| and g* values, as indi-
cated.
only to the broad band spectrum. The smearing could
be also due to a weak signal from the Fe ions (result-
ing from their low concentration) and a relatively strong
background signal of the substrate, which decreased a
signal-to-noise ratio. The impact of spin-spin interaction
is most likely negligible here, as the concentration of the
iron ions is relatively low.
The agreement of the measured EPR spectrum with
that expected for the Fe3+ ion in ZnO92 confirms the
presence of the iron ions with the 3+ valency in the stud-
ied samples. We note that 2+ ions are not detected in
the EPR measurements, and in consequence their pres-
ence can not be verified using this method. However,
as will be shown below, a good description of the de-
pendence of magnetization and of the MCD on magnetic
field is obtained using a Brillouin function as for the Fe3+
ions.
B. Magnetization
Magnetization measurements are performed with the
use of a SQUID-type magnetometer (liquid helium cooled
MPMS XL device manufactured by Quantum Design,
providing the sensitivity of 10−8 emu) in the tempera-
ture range 2-300 K and magnetic fields up to 7 T. The
measured magnetic moment of each sample is a sum of
paramagnetic moment of the Fe3+ ions, a diamagnetic
contribution from the ZnO layer and the substrate, and a
possible contribution of unintentional impurities. There-
fore the measured magnetization can be expressed in the
form:
Mexp(B, T ) =M(Zn,Fe)O(B, T ) + χdiaB + C, (5)
where M(Zn,Fe)O(B, T ) is a total magnetic moment of
the Fe3+ ions in ZnO matrix, χdia is the sum of dia-
magnetic susceptibility of ZnO layer and of the substrate
(assumed to be temperature independent in the studied
temperature range) and C represents a contribution from
possible precipitates of secondary phases.
We note that in our case diamagnetic contribution
dominates the others since the mass of the magnetic layer
is only a tiny fraction of the total mass of the sample. In
such a case a precise value of χdia of the sample is cru-
cial. A careful analysis of the data reveals the absence
of ferromagnetic secondary phases (e.g., Fe-rich aggre-
gates) in all of the studied samples. This is in contrast
to what was reported previously for the (Zn,Fe)O93 and
other Fe-doped wide band gap semiconductors, e.g., for
(Ga,Fe)N.94,95 Consequently, the term C in the Eq. 5
will be neglected.96 Having in mind the EPR identifica-
tion of the Fe impurity as the Fe3+, with spin S = 5/2
and L = 0, we assume M(Zn,Fe)O(B, T ) in the form:
M(Zn,Fe)O(B, T ) = AgµBSBS=5/2(B, T ), (6)
where BS=5/2(B, T ) is the Brillouin function for spin
S = 5/2, g is g-factor (see Sec. IVA) and A is the num-
ber of the Fe centers. Possible interaction between the
Fe3+ ions is neglected here due to their expected low
concentration. In order to extractM(Zn,Fe)O(B, T ) from
the total magnetization of the samples Mexp(B, T ), the
dominating diamagnetic contribution (i.e. χdia B) is sub-
tracted using the following procedure. At T = 300 K the
Brillouin function in Eq. 6 is a linear function of the mag-
netic field. So that fitting of the Mexp(B, T = 300 K) by a
straight line provides a susceptibility of the sample, which
is in practice solely a diamagnetic susceptibility (a resid-
ual paramagnetic contribution originating from the Fe3+
ions is negligibly small with respect to the total sample
susceptibility due to a relatively high temperature and
a small density of the Fe3+ dopant). The diamagnetic
susceptibility evaluated in this way from the data in the
field range 2 T < B < 7 T (χdia = −4.95× 10
−6) is used
for evaluation of M(Zn,Fe)O(B, T ) according to Eq. 6.
In Fig. 7, both the experimental data (i.e.,
Mexp(B, T = 2 K) − χdiaB) and the fit (i.e.,
AgµBSBS=5/2(B, T = 2 K) are given for an example
sample grown on quartz substrate. Parameter A being
the only fitting parameter provides the information about
the actual molar concentration of the Fe3+ ions in the lay-
ers. It attains x = 0.2±0.05%, that is (5±1)·1019 at/cm3,
in agreement with the results of energy-dispersive X-ray
(EDX) spectroscopy (not shown). This value is typi-
cal for the studied layers. We note that the magnetiza-
tion measurements confirm the 3+ state of the iron ions,
which points toward high efficiency of the autoionization
and/or compensation of the ions predicted by the theory.
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FIG. 7: The magnetization of the (Zn,Fe)O sample as a func-
tion of applied external magnetic field of up to 7 T. Points:
experimental data, line: fit following Eq. 6.
C. DC-resistivity and Hall effect
Electrical contacts on thin films are deposited using a
conductive silver paint. Contact ohmicity is systemati-
cally verified by I-V characteristics. DC- resistivity and
Hall effect measurements were performed in a Van der
Pauw configuration in the temperature range from 90 K
to 400 K and for magnetic field perpendicular to the film
plane varying from 0 T to 1.6 T using a custom designed,
high impedance measurement set-up. This set-up is a
combination of Keithley (USA) electrical measurement
device and a temperature controller (Linkam Scientific,
UK) coupled by a software written in GEMaC, Versailles.
The equipment enables measurements of highly resistant
samples, up to 10 GΩ.
The samples exhibit a semiconducting behavior.
Namely, the resistivity increases with the temperature
decrease. At room temperature, resistivity ρ of the 0.2%
(Zn,Fe)O on glass substrate equals to 6.6 × 103Ω· cm.
In conductivity vs inverse temperature plots, two differ-
ent regions of the conductivity are distinguished: (i) for
300 K down to 200 K, where conduction due to the tem-
perature activation to the band dominates, (ii) for tem-
peratures below 200 K, where the near neighbor hop-
ping mechanism becomes dominant. The activation en-
ergy of band conductivity has been determined to be
0.25±0.02 eV.91,97 Negative sign of Hall voltage is found
for all layers in Hall effect measurements at room tem-
perature. This implies that the samples, independently
if deposited on glass or on fused silica, are of n-type. For
pure ZnO electron concentration n = 5.4×1015 cm−3 and
mobility µ = 1.9 cm2/Vs are found, while for the 0.2%
(Zn,Fe)O n reaches 1.5 × 1016 cm−3 and mobility de-
creases due to the presence of scattering centers down to
µ = 0.5 cm2/Vs. A natural explanation for the increase
of the density of free electrons upon the iron doping is
that at least some part of iron ions are donors, which are
not fully compensated by the native acceptors. In fact,
the increase of the electron density from ∼ 1015 cm−3 to
∼ 1016 cm−3 upon the Fe doping is at least two orders of
magnitude lower than it would result from the density of
the ionized Fe ions (∼ 1019 cm−3 already at T = 2 K, see
Sec. IVB). Thus, we state that most of the ions, which
ionize from Fe2+ to Fe3+ state are compensated by native
acceptors. As indicated by previous experimental theo-
retical89,98 and experimental26,99 works, a likely source of
native acceptors in ZnO is a Zn vacancy, however a con-
tribution to the carrier concentration may come also from
oxygen vacancies100–102 or surface states of the studied
polycrystalline sample.
V. EXPERIMENT: EVIDENCE FOR S,P-D
EXCHANGE INTERACTION IN (ZN,FE)O
The samples are placed at pumped helium tempera-
ture inside a cryostat equipped with a superconducting
coil magnet. The emission is non-resonantly excited at
3.81 eV (325 nm) using a continuous wave He-Cd laser.
The excitation beam is focused to a 0.1 mm spot on the
sample surface. The signal is detected by a CCD cam-
era coupled to a grating spectrometer (0.1 meV of overall
spectral resolution of the setup). Circular polarizations
of the signal are resolved.
The reflectivity and PL measurements are performed
in the Faraday configuration in magnetic field of up 10 T,
in temperature range from 1.5 K to 50 K, with a halo-
gen lamp serving as a source of the ultraviolet light. The
MCD is determined based on the acquired reflectivity
spectra as MCD = (Rσ+ - Rσ−)/(Rσ+ + Rσ−), where
Rσ+ and Rσ− represents intensity of the reflectivity spec-
trum in the σ+ and σ− polarization, respectively.
A. Magnetic Circular Dichroism
Optical transitions of three excitons, A, B and C, are
present in the reflectivity spectra of the studied (Zn,Fe)O
layers, as expected for a wurtzite structure semiconduc-
tor (see Fig. 8(a). Magnetic field-induced splittings are
small with respect to the transitions linewidths, what
precludes tracing of the excitonic shifts as a function of
the applied magnetic field. However, a clear MCD signal
related to excitons is observed in the magnetic field. The
MCD spectra determined based on the reflectivity spec-
tra at B = 9 T for temperatures of 1.5 K, 3.5 K, 10 K
and 50 K are shown in Fig. 8b.
Integrated MCD intensity103 (IMCD) is calculated as
an integral under the MCD curve in the region of A and
B excitonic transitions. The IMCD increases with the
magnetic field following a Brillouin-like dependence with
a saturation at around 3 T and around 7 T for 1.5 K
and 3.5 K, respectively (see Fig. 8(c)). As it is seen, the
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FIG. 8: (Color on-line) (a) Reflectivity spectra of (Zn,Fe)O at B = 9 T and T = 1.5 K for two circular polarizations of the
light. Approximated energies of A, B and C excitonic transitions are indicated by arrows. (b) MCD spectra at B = 9 T for
consecutive temperatures. (c) Integrated MCD at T = 1.5 K, 3.5 K, 10 K and 50 K plotted as a function of magnetic field of
up to 10 T. Inset: Integrated MCD at B = 1 T vs the temperature (points) along with the fit by ∼ 1/T (solid line).
IMCD is well described by the paramagnetic Brillouin
function with the Lande´ factor g = 2.0062 (taken follow-
ing Ref. 92) and spin 5/2 (as for the Fe3+ ions), without
any free fitting parameters (saturation value of the IMCD
is determined once for the 1.5 K case and then kept con-
stant in the case of fits for 3.5 K and 10 K.) The Brillouin
like shape of the observed dependence proves that Zee-
man splitting of bands yielding the IMCD results directly
from the s-d and p-d exchange interactions between the
iron ions spins (S = 5/2) and spins of, respectively, band
electrons and holes. When the magnetic moments of the
iron ions become fully oriented at a sufficiently high field,
the exchange interaction induced splitting, and thus the
IMCD saturates, as observed. In the case of a reference
sample of pure ZnO a linear dependence of the IMCD on
magnetic field originating form the Zeeman splitting of
bands is found, as expected (not shown).
Below the saturation, the MCDmagnitude strongly de-
creases with the increasing temperature following a Curie
paramagnetic dependence, 1/T (see inset to Fig. 8(c)
showing the IMCD as a function of the temperature at
B = 1 T.) If the exchange interaction of carriers with
Fe2+ ions played a dominant role in the studied samples,
the Van Vleck type paramagnetism, proper for an ion
with 3(d6) electron configuration, thus with a degener-
ate ground state, would dominate.20,104–107 In that case
the decrease of the IMCD with the temperature would be
only weak in the considered temperatures range. Hence,
the observed rapid drop of the IMCD with the increasing
temperature indicates that abundance of the Fe2+ ions
in our samples is negligible and/or that the magnitude of
the s,p-d interaction is much larger in the case of the Fe3+
than of the Fe2+ ions. Since the theory (see Sec. II C)
points towards carrier-ion exchange constants compara-
ble or larger for the Fe2+ than for Fe3+ ions, we state
that a content of the Fe2+ ions is at least order of mag-
nitude lower than the one of the Fe3+ ions. This result
is consistent with the magnetometry results at T = 2 K,
which are properly described without taking into account
any contribution from the Fe2+ ions (Sec.IVB).
Concluding this Section, the MCD provides a strong
confirmation for the presence of the Fe3+ ions, negligible
density of the Fe2+ ions as well as for the s,p-d interac-
tion between the Fe3+ ions and the band carriers in the
11
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B. Magneto-Photoluminescence
Figure 9(a) shows PL spectra in magnetic field B =
0 T and B = 10 T recorded in two circular polarizations
of the light, σ+ and σ−, for the (Zn,Fe)O sample. The
contributions from a bound exciton at around 3360 meV
and donor acceptor pairs (DAP) at around 3320 meV are
identified following Ref. 108.
Figure 9(b) shows a degree of the circular polarization
P determined from spectra in magnetic field from 0 T
to 10 T for (Zn, Fe)O samples. The P is determined
as: P = (Iσ+ - Iσ−)/(Iσ+ + Iσ−), where Iσ+ and Iσ−
represent intensity of the PL spectrum in the σ+ and
σ− polarization, respectively. A high degree of polariza-
tion P is observed in the spectral region of the bound
exciton and of the DAP at energy of around 3365 meV
and 3320 meV, respectively. The P increases with the
magnetic field and saturates at around B = 5 T.
Integrated degree of polarization IP , defined as the
area under the degree of polarization curve in the exci-
tonic region, is plotted as a function of the magnetic field
in Fig. 9(c) together with a paramagnetic Brillouin func-
tion fit. The fitting parameters are the saturation value
and the effective temperature. The best fit is obtained
for factor g = 2.0062,92 the effective temperature T =
3.8 K and spin 5/2 as for the Fe3+ ions. As it is seen the
dependence is well described by the Brillouin function.
This strongly suggests that the P is directly proportional
to the sample magnetization. We have checked that the
increased temperature with respect to the temperature of
experiment (1.8 K) results from the sample heating with
the excitation beam. A dependence on magnetic field
is qualitatively the same also for the DAP (not shown)
indicating that qualitatively the same mechanism is re-
sponsible for the effects observed for the bound exciton
and the DAP.
A Lorentzian curve is fitted to the exciton transition
at around 3360 meV, providing information on param-
eters of the transition as a function of the magnetic
field. The PL intensity determined that way for the
(Zn,Fe)O for σ+ and σ− polarizations is shown in the
inset to Fig. 9(c). The PL intensity increases with the
magnetic field in both polarizations. A similar effect on
the field was previously observed in DMS structures and
nanostructures, e.g., involving Mn.9,109–111 As in previ-
ous works,9,109–112 we attribute the emission intensity
increase to the magnetic field induced reduction of ef-
ficiency of non-radiative exciton recombination assisted
by Auger excitation of the Fe3+ ion. In the absence of
the magnetic field, band carriers and the Fe3+ ions are
spin degenerate making efficiency of the Auger process
independent of spin. However, the magnetic field low-
ers the number of spin arrangements of the electron and
the Fe3+ ion that fulfill the spin conservation rule in the
process, and thus it decreases the overall efficiency of the
non-radiative Auger recombination. We note that the σ+
polarized emission increases more than the σ− polarized
one. Similar as in the study of (Zn,Mn)O (Ref.[9]), this
effect can be explained in terms of spin-dependent exci-
ton formation involving free and bound exciton states, as
well as A and B excitons relaxation involving change of
the exciton symmetry. For pure ZnO, the intensity of the
excitonic PL linearly increases for σ+ and decreases for
σ− in the magnetic field (not shown) due to polarization
of the carriers induced by the Zeeman splitting of bands.
We find also that the linewidth of the bound exciton
in (the Zn,Fe)O decreases nonlinearly with the magnetic
field in both polarizations with a saturation at around
4 T (not shown). The effect is stronger for the σ+ than
for the σ− polarization. We attribute the linewidth nar-
rowing to a reduction of the fluctuations of the magneti-
zation of the Fe3+ ions induced by the magnetic field.113
Mutually opposite shifts in the magnetic field of bound
excitons originating from bands of symmetry Γ7 and
Γ9 (A and B excitons) also contribute to the linewidth
narrowing.9
To summarize this part, the PL results provide a strong
support for the conclusions drawn from the reflectivity
measurements, unequivocally confirming presence of the
ion-carrier s,p-d interaction in the studied system.
VI. SUMMARY AND CONCLUSIONS
Theoretical and experimental analysis of the electronic
structure of Fe ions in ZnO and of the magnetic proper-
ties of ZnO:Fe was conducted. The GGA+U method was
employed, with the values of U for d(Zn) and p(O) or-
bitals fitted to ZnO experimental band structure. The
U(Fe) was also considered as a free parameter. For small
values of the U(Fe), 0 < U < 3 eV, the calculations
lead to unphysical results, with fractional occupancies of
the Fe level degenerate with the conduction band. The
calculations performed using the U(Fe)> 3 eV indicate
that the Fe is a relatively shallow donor with the 2+
charge state stable in the ideal ZnO. The U(Fe)= 4 eV
allows one to reproduce the observed ionization energy
Eion = 0.25 ± 0.02 eV. The high energy of the ε(+/0)
transition level facilitates compensation of the Fe2+ by
unintentional acceptors. Thus, in real imperfect samples
both, the Fe2+ and the Fe3+, should co-exist.
In parallel, EPR, magnetometry, reflectivity, magneto-
photoluminescence, and conductivity experiments were
conducted on polycrystalline ZnO layers with the Fe con-
tent of the order of 0.1 of atomic per cent. The results of
the EPR measurements reveal the presence of the substi-
tutional Fe with the 3+ valency in the studied samples.
The layers magnetization determined in SQUID measure-
ments is well described with the paramagnetic Brillouin
function as for the Fe3+ ions, what demonstrates that the
dominant Fe charge state is 3+. Consistently with this
finding, the magnetic field dependencies in magnetoopti-
cal response of the samples determined in the reflectivity
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FIG. 9: (Color on-line) (a) Photoluminescence spectra in magnetic field B = 0 T and B = 10 T recorded in two circular
polarizations σ+ and σ−, (b) Degree of Circular Polarization determined from the PL spectra and (c) Integrated Degree of
Circular Polarization as a function of magnetic field of up to 10 T for (Zn,Fe)O sample and a reference, a pure ZnO sample
(points) along with the fit (lines, see text for details).
and PL measurements are proportional to the measured
magnetization. Namely, they are described by the para-
magnetic Brillouin function determined as for the Fe3+
ions and they obey the paramagnetic Curie law, charac-
teristic of the Fe3+ in ZnO, rather than the paramagnetic
Van Vleck law expected for the Fe2+.
According to the conductivity measurements, the sam-
ples are n-type, with the room temperature electron con-
centration of about 1016 cm−3. The measured activation
energy of conductivity of 0.25± 0.02 eV is in agreement
with the theoretical value of the Fe ionization energy for
U(Fe)=4 eV.
The low electron concentration indicates a high degree
of compensation of the Fe donors, most probably by the
zinc vacancies.34,88–90 The presence of compensating ac-
ceptors is also reflected by the DAP recombination line
seen in the photoluminescence. Overall, the set of ex-
perimental results indicates in a consistent way that the
content of the Fe2+ ions in the studied samples is at least
order of magnitude lower than the one of the Fe3+ ions.
Finally, the calculations indicate that the exchange
interaction coupling constant N0α between conduction
electrons and the Fe2+ or the Fe3+ ions, is around 0.4 eV,
somewhat higher than values typical for wide band gap
semimagnetic semiconductors. The exchange coupling
constantN0β for holes strongly depends on the Fe charge
state: for the Fe2+ the N0β is of the same order as re-
ported for other wide gap DMSs (around 2 eV and fer-
romagnetic), while in the case of the Fe3+ it changes its
sign to antiferromagnetic and is much lower (equal to
around -0.4 eV). The pronounced magnetooptical effects
observed in the MCD and the PL unequivocally confirm
a presence of the s,p-d interaction between the band car-
riers and the Fe3+ ions in the studied system. The prop-
erties resulting from the Fe doping indicate the (Zn,Fe)O
as a promising material for implementation in functional
spintronic devices.
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Appendix A:
Here we analyze electronic structure of Fe in ZnO cal-
culated assuming small U(Fe), and show problems en-
countered within GGA. The band structure and DOS of
ZnO doped with Fe3+ and Fe2+ is presented in Fig. 10(a)
and Fig. 10(b), respectively, for U(Fe)= 0. The impu-
rity d(Fe) states constitute nearly flat bands, and their
energies strongly depend on the Fe charge state. Fe3+
introduces two spin-down states close to the CBM: the
e2↓ doublet is at 2.4 eV, and the t2↓ triplet is very close
to the CBM. Both spin down levels are empty.
Addition of one electron to the ZnO:Fe3+ system
should result in the q = 0 charge state Fe2+, with 6
electrons on the d(Fe)-induced levels. However, this con-
figuration cannot be reached. The electronic structure
for q = 0 calculated allowing for fractional occupancies is
shown in Fig. 10(b). In this case, the Fe spin-down states
are degenerate with the conduction band. In particular,
the e2↓ doublet is about 0.5 eV above CBM, and t2↓ is
higher by ∼ 1 eV. Therefore, the electron that should
occupy e2↓ autoionizes to the bottom of the conduction
band. A more detailed analysis shows that autoioniza-
tion is partial only. In fact, the calculated occupancy of
e2↓ is 0.7, and the integrated occupancy of the conduc-
tion states up to the Fermi energy EF is 0.3. One should
notice that since there are no empty states below EF , EF
must be located within the partially occupied e2↓ level.
This electronic configuration for q = 0, with partial oc-
cupation of e2↓, denoted as ”Fe
2+”, is different from both
the Fe3+ state, and from Fe2+ with one electron on e2↓.
One should observe, however, that the results for
”Fe2+” are largely artefacts which follow from the em-
ployed method of calculations. More specifically, there
are two issues: the increase of eigenenergies with increas-
ing occupation, and applicability of partial occupations
approach. First, the calculated increase of the Kohn-
Sham energy of e2↓ with its increasing occupation is re-
lated to the spurious self-interaction obtained in the ap-
proximate versions of DFT. Within the exact DFT, a
Kohn-Sham energy level is independent of its fractional
occupation, while an integer change of occupation in-
duces its jump. Indeed, a change of the charge state
of a defect due to a capture (emission) of an electron
implies an increased (decreased) Coulomb repulsion be-
tween electrons situated at the relevant orbitals (d or-
bitals of a transition metal ion, broken bonds of vacancy
neighbors, etc.). This is reflected in the increasing en-
ergies of transition levels for consecutive charge states,
together with the increasing Kohn-Sham eigenenergies
of defect-induced states. This is a genuine physical ef-
fect, which can be described by the so-called effective U
parameter, and calculated within DFT65 for integer oc-
cupancies. Second, the final result for ”Fe2+” with one
electron shared between d(Fe) and CBM should not be
accepted because such a partition is not physical in the
present case of an isolated defect center in an insulator.
In other words, the d6 configuration of Fe2+ is not
stable since e2↓ occupied with one electron is above the
(empty) CBM,114 similar to a resonant donor. However,
a complete autoionization to the q = +1 charge state
cannot occur because the empty e2↓ is below the (oc-
cupied) CBM. Neither case corresponds to the ground
state, and the convergent self-consistent solution is only
obtained for fractional occupation of the e2↓ level. These
problems with ”Fe2+” in ZnO are analogous to the dif-
ficulties encountered for isolated transition metal atoms
such as Fe.86,87 Namely, the self-consistent solution for
dns1 configuration leads to an empty s state below the
partially filled d states, while in the dn−1s2 configuration
there are empty d states below the s level. The energy
minimum is obtained for fractional occupations of both
d and s, but, as indicated by Janak,86 ”In a strict in-
terpretation of the Kohn-Sham theory, this means that
there is no charge density for this problem which min-
imizes the total energy and which is generated from a
Fermi distribution.”
The electronic structure of the neutral Fe in ZnO calcu-
lated in Refs 68,70,71 is characterized by EF in the con-
duction band, and partially filled e2↓, which closely re-
sembles the ”Fe2+” configuration. Clearly, without a de-
tailed inspection of the results it is not possible to assess
the genuine resonant (or the ”pseudo-resonant”) charac-
ter of Fe found in those works but, given the similarity to
”Fe2+”, one may expect that the above discussion may
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be relevant in some of those cases.
∗ Electronic address: Jan.Suffczynski@fuw.edu.pl
1 K. Ando, H. Saito, Z. Jin, T. Fukumura, M. Kawasaki,
Y. Matsumoto, and H. Koinuma, Magneto-optical proper-
ties of ZnO-based diluted magnetic semiconductors, Jour-
nal of Applied Physics 89, 7284 (2001).
2 K. R. Kittilstved, W. K. Liu, and D. R. Gamelin, Elec-
tronic structure origins of polarity-dependent high-TC fer-
romagnetism in oxide-diluted magnetic semiconductors,
Nature Materials 5, 291 (2006).
3 J. M. D. Coey and K. Rode, Dilute Magnetic Oxides and
Nitrides (John Wiley & Sons, Ltd, 2007).
4 W. Pacuski, in Introduction to the Physics of Diluted Mag-
netic Semiconductors, Springer Series in Materials Sci-
ence, edited by J. A. Gaj and J. Kossut (Springer, Hei-
delberg, 2010), vol. 144, pp. 37–63.
5 T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Fer-
rand, Zener Model Description of Ferromagnetism in
Zinc-Blende Magnetic Semiconductors, Science 287, 1019
(2000).
6 T. Dietl, A ten-year perspective on dilute magnetic semi-
conductors and oxides, Nature Materials 9, 965 (2010).
7 K. Ando, H. Saito, V. Zayets, and M. C. Debnath, Op-
tical properties and functions of dilute magnetic semicon-
ductors, Journal of Physics: Condensed Matter 16, S5541
(2004).
8 W. Pacuski, D. Ferrand, J. Cibert, C. Deparis, J. A.
Gaj, P. Kossacki, and C. Morhain, Effect of the s, p-d
exchange interaction on the excitons in Zn1−xCoxO epi-
layers, Physical Review B 73, 035214 (2006).
9 W. Pacuski, J. Suffczyn´ski, P. Osewski, P. Kos-
sacki, A. Golnik, J. A. Gaj, C. Deparis, C. Morhain,
E. Chikoidze, Y. Dumont, D. Ferrand, J. Cibert, and
T. Dietl, Influence of s,p-d and s− p exchange couplings
on exciton splitting in Zn1-xMnxO, Physical Review B 84,
035214 (2011).
10 M. Sawicki, E. Guziewicz, M. I.  Lukasiewicz, O. Pros-
elkov, I. A. Kowalik, W. Lisowski, P. Dluzewski, A. Wit-
tlin, M. Jaworski, A. Wolska, W. Paszkowicz, R. Jakiela,
B. S. Witkowski, L. Wachnicki, M. T. Klepka, F. J. Luque,
D. Arvanitis, J. W. Sobczak, M. Krawczyk, A. Jablonski,
W. Stefanowicz, D. Sztenkiel, M. Godlewski, and T. Dietl,
Homogeneous and heterogeneous magnetism in (Zn,Co)O:
From a random antiferromagnet to a dipolar superferro-
magnet by changing the growth temperature, Physical Re-
view B 88, 085204 (2013).
11 A. Alsaad, Structural, electronic and magnetic properties
of Fe, Co, Mn-doped GaN and ZnO diluted magnetic semi-
conductors, Physica B: Condensed Matter 440, 1 (2014),
ISSN 0921-4526.
12 J. Tribollet, J. Behrends, and K. Lips, Ultra long spin
coherence time for Fe 3+ in ZnO: A new spin qubit, EPL
(Europhysics Letters) 84, 20009 (2008).
13 G. A. Slack, F. S. Ham, and R. M. Chrenko, Optical Ab-
sorption of Tetrahedral Fe2+ (3d6) in Cubic ZnS, CdTe,
and MgAl2O4, Physical Review 152, 376 (1966).
14 J. M. Baranowski, J. W. Allen, and G. L. Pearson,
Crystal-Field Spectra of 3dn Impurities in II-VI and III-
V Compound Semiconductors, Physical Review 160, 627
(1967).
15 G. A. Slack, S. Roberts, and F. S. Ham, Far-Infrared Op-
tical Absorption of Fe2+ in ZnS, Physical Review 155,
170 (1967).
16 G. A. Slack, S. Roberts, and J. T. Vallin, Optical Ab-
sorption of Fe2+ in CdTe in the Near and Far Infrared,
Physical Review 187, 511 (1969).
17 D. Buhmann, H.-J. Schulz, and M. Thiede, Zero-phonon
structures in the optical spectra of some transition-metal
ions in CdSe crystals, Physical Review B 24, 6221 (1981).
18 M. Hausenblas, L. Claessen, A. Wittlin, A. Twardowski,
M. von Ortenberg, W. de Jonge, and P. Wyder, FIR spec-
troscopy of Fe-based semimagnetic semiconductors, Solid
State Communications 72, 253 (1989).
19 M. K. Udo, M. Villeret, I. Miotkowski, A. J. Mayur, A. K.
Ramdas, and S. Rodriguez, Electronic excitations of sub-
stitutional transition-metal ions in II-VI semiconductors:
CdTe:Fe2+ and CdSe:Fe2+, Physical Review B 46, 7459
(1992).
20 T. Smolenski, T. Kazimierczuk, J. Kobak, M. Goryca,
A. Golnik, P. Kossacki, and W. Pacuski,Magnetic Ground
State of an Individual Fe2+ Ion in Strained Semiconductor
Nanostructure, Nature Communications 7, 10484 (2016).
21 K. J. Kim and Y. R. Park, Optical investigation of Zn1-
xFexO films grown on Al2O3 (0001) by radio-frequency
sputtering, Journal of Applied Physics 96, 4150 (2004).
22 G. Y. Ahn, S.-I. Park, I.-B. Shim, and C. S. Kim,
Mo¨ssbauer studies of ferromagnetism in Fe-doped ZnO
magnetic semiconductor, Journal of Magnetism and Mag-
netic Materials 282, 166 (2004).
23 D. Karmakar, S. K. Mandal, R. M. Kadam, P. L. Paulose,
A. K. Rajarajan, T. K. Nath, A. K. Das, I. Dasgupta, and
G. P. Das, Ferromagnetism in Fe-doped ZnO nanocrystals:
Experiment and theory, Physical Review B 75, 144404
(2007).
24 Y. Lin, D. Jiang, F. Lin, W. Shi, and X. Ma, Fe-
doped ZnO magnetic semiconductor by mechanical alloy-
ing, Journal of Alloys and Compounds 436, 30 (2007).
25 E. Malguth, A. Hoffmann, and M. R. Phillips, Fe in III–V
and II–VI semiconductors, physica status solidi (b) 245,
455 (2008).
26 R. Heitz, A. Hoffmann, and I. Broser, Fe3+ center in ZnO,
Physical Review B 45, 8977 (1992).
27 H. Raebiger, S. Lany, and A. Zunger, Electronic struc-
ture, donor and acceptor transitions, and magnetism of
3d impurities in In2O3 and ZnO, Physical Review B 79,
165202 (2009).
28 S. Lany, H. Raebiger, and A. Zunger, Magnetic interac-
tions of Cr-Cr and Co-Co impurity pairs in ZnO within a
band-gap corrected density functional approach, Physical
Review B 77, 241201 (2008).
29 P. Schro¨er, P. Kru¨ger, and J. Pollmann, First-principles
calculation of the electronic structure of the wurtzite semi-
conductors ZnO and ZnS, Physical Review B 47, 6971
(1993).
30 J. E. Jaffe, J. A. Snyder, Z. Lin, and A. C. Hess, LDA
and GGA calculations for high-pressure phase transitions
in ZnO and MgO, Physical Review B 62, 1660 (2000).
15
31 L. Y. Lim, S. Lany, Y. J. Chang, E. Rotenberg, A. Zunger,
and M. F. Toney, Angle-resolved photoemission and quasi-
particle calculation of ZnO: The need for d band shift
in oxide semiconductors, Physical Review B 86, 235113
(2012).
32 S.-H. Wei and A. Zunger, Role of metal d states in II-VI
semiconductors, Physical Review B 37, 8958 (1988).
33 J. Uddin and G. E. Scuseria, Theoretical study of ZnO
phases using a screened hybrid density functional, Physi-
cal Review B 74, 245115 (2006).
34 F. Oba, A. Togo, I. Tanaka, J. Paier, and G. Kresse,
Defect energetics in ZnO: A hybrid Hartree-Fock density
functional study, Physical Review B 77, 245202 (2008).
35 F. Oba, M. Choi, A. Togo, A. Seko, and I. Tanaka, Native
defects in oxide semiconductors: a density functional ap-
proach, Journal of Physics: Condensed Matter 22, 384211
(2010).
36 J. Wro´bel, K. J. Kurzyd lowski, K. Hummer, G. Kresse,
and J. Piechota, Calculations of ZnO properties using the
Heyd-Scuseria-Ernzerhof screened hybrid density func-
tional, Physical Review B 80, 155124 (2009).
37 M. Usuda, N. Hamada, T. Kotani, and M. van Schilf-
gaarde, All-electron GW calculation based on the LAPW
method: Application to wurtzite ZnO, Physical Review B
66, 125101 (2002).
38 M. van Schilfgaarde, T. Kotani, and S. V. Faleev, Ade-
quacy of approximations in GW theory, Physical Review
B 74, 245125 (2006).
39 M. Shishkin and G. Kresse, Self-consistent GW calcula-
tions for semiconductors and insulators, Physical Review
B 75, 235102 (2007).
40 F. Fuchs, J. Furthmu¨ller, F. Bechstedt, M. Shishkin, and
G. Kresse, Quasiparticle band structure based on a gener-
alized Kohn-Sham scheme, Physical Review B 76, 115109
(2007).
41 B.-C. Shih, Y. Xue, P. Zhang, M. L. Cohen, and S. G.
Louie, Quasiparticle Band Gap of ZnO: High Accuracy
from the Conventional G0W 0 Approach, Physical Review
Letters 105, 146401 (2010).
42 V. I. Anisimov, J. Zaanen, and O. K. Andersen, Band
theory and Mott insulators: Hubbard U instead of Stoner
I, Physical Review B 44, 943 (1991).
43 V. I. Anisimov, I. V. Solovyev, M. A. Korotin, M. T.
Czyz˙yk, and G. A. Sawatzky, Density-functional theory
and NiO photoemission spectra, Physical Review B 48,
16929 (1993).
44 M. Cococcioni and S. de Gironcoli, Linear response ap-
proach to the calculation of the effective interaction pa-
rameters in the LDA+U method, Physical Review B 71,
035105 (2005).
45 G. Zhou, L. Sun, X. Zhong, X. Chen, L. Wei, and J. Wang,
First-principle study on bonding mechanism of ZnO by
{LDA} + U method, Physics Letters A 368, 112 (2007).
46 C. L. Dong, C. Persson, L. Vayssieres, A. Augustsson,
T. Schmitt, M. Mattesini, R. Ahuja, C. L. Chang, and J.-
H. Guo, Electronic structure of nanostructured ZnO from
x-ray absorption and emission spectroscopy and the lo-
cal density approximation, Physical Review B 70, 195325
(2004).
47 A. Janotti, D. Segev, and C. G. Van de Walle, Effects of
cation d states on the structural and electronic properties
of III-nitride and II-oxide wide-band-gap semiconductors,
Physical Review B 74, 045202 (2006).
48 T. R. Paudel and W. R. L. Lambrecht, First-principles
calculation of the O vacancy in ZnO: A self-consistent
gap-corrected approach, Physical Review B 77, 205202
(2008).
49 S. Lany and A. Zunger, Assessment of correction meth-
ods for the band-gap problem and for finite-size effects in
supercell defect calculations: Case studies for ZnO and
GaAs, Physical Review B 78, 235104 (2008).
50 X. Ma, Y. Wu, Y. Lv, and Z. Y., Correlation Effects on
Lattice Relaxation and Electronic Structure of ZnO within
the GGA+U Formalism, J. Phys. Chem. C 117, 26029
(2013).
51 A. Calzolari, A. Ruini, and A. Catellani, Anchor Group
versus Conjugation: Toward the Gap-State Engineering
of Functionalized ZnO(1010) Surface for Optoelectronic
Applications, Journal of the American Chemical Society
133, 5893 (2011).
52 L. A. Agapito, S. Curtarolo, and M. Buongiorno Nardelli,
Reformulation of DFT + U as a Pseudohybrid Hubbard
Density Functional for Accelerated Materials Discovery,
Physical Review X 5, 011006 (2015).
53 W. Kohn and L. J. Sham, Self-Consistent Equations In-
cluding Exchange and Correlation Effects, Physical Re-
view 140, A1133 (1965).
54 J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized
Gradient Approximation Made Simple, Physical Review
Letters 77, 3865 (1996).
55 Quantum ESPRESSO, www.quantum-espresso.org.
56 M. Methfessel and A. T. Paxton, High-precision sampling
for Brillouin-zone integration in metals, Physical Review
B 40, 3616 (1989).
57 M. Izaki and T. Omi, Transparent zinc oxide films pre-
pared by electrochemical reaction, Applied Physics Letters
68, 2439 (1996).
58 V. Srikant and D. R. Clarke, On the optical band gap of
zinc oxide, Journal of Applied Physics 83, 5447 (1998).
59 H. Karzel, W. Potzel, M. Ko¨fferlein, W. Schiessl,
M. Steiner, U. Hiller, G. M. Kalvius, D. W. Mitchell,
T. P. Das, P. Blaha, K. Schwarz, and M. P. Pasternak,
Lattice dynamics and hyperfine interactions in ZnO and
ZnSe at high external pressures, Physical Review B 53,
11425 (1996).
60 O. Volnianska, T. Zakrzewski, and P. Bogus lawski, Point
defects as a test ground for the local density approximation
+U theory: Mn, Fe, and VGa in GaN, The Journal of
Chemical Physics 141, 114703 (2014).
61 T. Zakrzewski and P. Bogus lawski, Electronic structure
of transition metal ions in GaN and AlN: Comparing
GGA+U with experiment, Journal of Alloys and Com-
pounds 664, 565 (2016).
62 In the case of large values of U(Fe), the equilibrium elec-
tronic configurations are sensitive to the initial occupan-
cies of d(Fe) orbitals, and all possible cases should be
considered to obtain the correct solution. The lowest to-
tal energy of Fe2+ is obtained for the fully occupied at↓.
63 The localized character of d(Fe) is responsible for the
relatively large changes of bond lengths with both the
charge state and U(Fe). Because of the wurtzite symme-
try, the Fe-O bond d1 along the c-axis is not equivalent to
the three remaining basal bonds d2. The calculated val-
ues for U(Fe)=0 are d1 = 1.89 (1.96) A˚ and d2 = 1.89
(1.95) A˚ for Fe3+ (”Fe2+”), respectively. The increase of
bond lengths by about 3.5 % induces an upward shift of
e2↓ and t2↓ thanks to the antibonding character of their
wave functions. Using U(Fe) of 4-5 eV makes the d orbitals
16
more localized, which in turn affects the bond lengths. In
this case, the bonds increase by about 6 % to d1 = 1.91
(2.15) A˚ and d2 = 1.90 (2.00) A˚ for Fe
3+ (Fe2+).
64 S. Lany and A. Zunger, Accurate prediction of defect prop-
erties in density functional supercell calculations, Mod-
elling and Simulation in Materials Science and Engineer-
ing 17, 084002 (2009).
65 C. Freysoldt, B. Grabowski, T. Hickel, J. Neugebauer,
G. Kresse, A. Janotti, and C. G. Van de Walle, First-
principles calculations for point defects in solids, Rev.
Mod. Phys. 86, 253 (2014).
66 We checked that changes by ±1 eV of U(Zn) and U(O)
fitted in Sec. II A affect the fitted value of U(Fe)=4 eV by
about 0.3 eV, but the overall picture, including problems
with ”Fe2+”, remain.
67 A. Ciechan, H. Przybylin´ska, P. Bogus lawski, A. Suchocki,
A. Grochot, A. Mycielski, P. Skupin´ski, and K. Grasza,
Metastability ofMn3+ in ZnO driven by strong d(Mn) in-
trashell Coulomb repulsion: Experiment and theory, Phys-
ical Review B 94, 165143 (2016).
68 L. M. Sandratskii and P. Bruno, Exchange interactions
in ZnMeO (Me = Mn,Fe,Co,Ni): Calculations using the
frozen-magnon technique, Physical Review B 73, 045203
(2006).
69 M. S. Park and B. I. Min, Ferromagnetism in ZnO
codoped with transition metals: Zn1−x(FeCo)xO and
Zn1−x(FeCu)xO, Physical Review B 68, 224436 (2003).
70 P. Gopal and N. A. Spaldin, Magnetic interactions in
transition-metal-doped ZnO: An ab initio study, Physical
Review B 74, 094418 (2006).
71 M. Toyoda, H. Akai, K. Sato, and H. Katayama-Yoshida,
Electronic structures of (Zn, TM) O (TM: V, Cr, Mn, Fe,
Co, and Ni) in the self-interaction-corrected calculations,
Physica B: Condensed Matter 376, 647 (2006).
72 M. A. Gluba and N. H. Nickel, Transition-metal acceptor
complexes in zinc oxide, Physical Review B 87, 085204
(2013).
73 S. Sanvito, P. Ordejo´n, and N. A. Hill, First-principles
study of the origin and nature of ferromagnetism in
Ga1−xMnxAs, Physical Review B 63, 165206 (2001).
74 P. Kacman, Spin interactions in diluted magnetic semi-
conductors and magnetic semiconductor structures, Semi-
cond. Sci. Technology 69, R25 (2001).
75 D. Scalbert, M. Guillot, A. Mauger, J. A. Gaj,
J. Cernogora, C. Benoit a` la Guillaume, and A. Myciel-
ski, High field magnetization and exchange integrals in
Cd1−xFexSe, Solid State Commun. 76, 977 (1990).
76 A. Twardowski, K. Pakula, I. Perez, P. Wise, and J. E.
Crow, Magnetoreflectance and magnetization of the semi-
magnetic semiconductor Cd1−xFexSe, Phys. Rev. B 42,
7567 (1990).
77 C. Testelin, C. Rigaux, A. Mycielski, M. Menant, and
M. Guillot, Exchange interactions in CdFeTe semimag-
netic semiconductors, Solid State Commun. 78, 659
(1991).
78 C. Testelin, J. B. Prost, M. Menant, M. Zielinski, and
A. Mycielski, Magnetization and exchange interactions in
Zn1−xFexTe diluted magnetic semiconductors, Solid State
Commun. 113, 695 (2000).
79 E. Przez´dziecka, E. Kamin´ska, M. Kiecana, M. Sawicki,
 L. K lopotowski, W. Pacuski, and J. Kossut, Magneto-
optical properties of the diluted magnetic semiconduc-
tor -type ZnMnO, Solid State Communications 139, 541
(2006).
80 W. Pacuski, D. Ferrand, J. Cibert, J. A. Gaj, A. Golnik,
P. Kossacki, S. Marcet, E. Sarigiannidou, and H. Mariette,
Excitonic giant Zeeman effect in GaN : Mn3+, Physical
Review B 76, 165304 (2007).
81 W. Pacuski, P. Kossacki, D. Ferrand, A. Golnik, J. Cib-
ert, M. Wegscheider, A. Navarro-Quezada, A. Bonanni,
M. Kiecana, M. Sawicki, and T. Dietl, Observation of
Strong-Coupling Effects in a Diluted Magnetic Semicon-
ductor Ga1−xFexN, Phys. Rev. Lett. 100, 037204 (2008).
82 T. Dietl, Hole states in wide band-gap diluted magnetic
semiconductors and oxides, Physical Review B 77, 085208
(2008).
83 J. Suffczyn´ski, A. Grois, W. Pacuski, A. Golnik, J. A.
Gaj, A. Navarro-Quezada, B. Faina, T. Devillers, and
A. Bonanni, Effects of s,p-d and s-p exchange interactions
probed by exciton magnetospectroscopy in (Ga,Mn)N,
Physical Review B 83, 094421 (2011).
84 P. Mahadevan and A. Zunger, First-principles investi-
gation of the assumptions underlying model-Hamiltonian
approaches to ferromagnetism of 3d impurities in III-V
semiconductors, Physical Review B 69, 115211 (2004).
85 A. Wolos, M. Palczewska, M. Zajac, J. Gosk, M. Kamin-
ska, A. Twardowski, M. Bockowski, I. Grzegory, and
S. Porowski, Optical and magnetic properties of Mn in
bulk GaN, Physical Review B 69, 115210 (2004).
86 J. F. Janak, Proof that ∂E
∂ni
= ǫ in density-functional the-
ory, Physical Review B 18, 7165 (1978).
87 W. Koch and M. C. Holthausen, A Chemist’s Guide to
Density Functional Theory (Wiley-VCH, Wienheim, New
York, Chichester, Brisbane, Singapore, Toronto, 2008),
2nd ed., for discussion, see Chapt. 9.2.
88 A. Janotti and C. G. Van de Walle, Native point defects
in ZnO, Phys. Rev. B 76, 165202 (2007).
89 S. Lany and A. Zunger, Dopability, Intrinsic Conductivity,
and Nonstoichiometry of Transparent Conducting Oxides,
Physical Review Letters 98, 045501 (2007).
90 D. C. Look, K. D. Leedy, L. Vines, B. G. Svensson, A. Zu-
biaga, F. Tuomisto, D. R. Doutt, and L. J. Brillson, Self-
compensation in semiconductors: The Zn vacancy in Ga-
doped ZnO, Physical Review B 84, 115202 (2011).
91 E. Chikoidze, M. Boshta, M. Sayed, and Y. Dumont,
Large room temperature magnetoresistance of transpar-
ent Fe and Ni doped ZnO thin films, Journal of Applied
Physics 113, 043713 (2013).
92 M. Ac¸ikgo¨z, M. D. Drahus, A. Ozarowski, J. van Tol,
S. Weber, and E. Erdem, Local coordination of Fe3+
in ZnO nanoparticles: multi-frequency electron paramag-
netic resonance (EPR) and Newman superposition model
analysis, Journal of Physics: Condensed Matter 26,
155803 (2014).
93 I. Soumahoro, R. Moubah, G. Schmerber, S. Colis, M. A.
Aouaj, M. Abd-lefdil, N. Hassanain, A. Berrada, and
A. Dinia, Structural, optical, and magnetic properties of
Fe-doped ZnO films prepared by spray pyrolysis method,
Thin Solid Films 518, 4593 (2010).
94 A. Navarro-Quezada, W. Stefanowicz, T. Li, B. Faina,
M. Rovezzi, R. T. Lechner, T. Devillers, F. d’Acapito,
G. Bauer, M. Sawicki, T. Dietl, and A. Bonanni, Em-
bedded magnetic phases in (Ga,Fe)N: Key role of growth
temperature, Physical Review B 81, 205206 (2010).
95 T. Dietl, K. Sato, T. Fukushima, A. Bonanni, M. Jamet,
A. Barski, S. Kuroda, M. Tanaka, P. N. Hai, and
H. Katayama-Yoshida, Spinodal nanodecomposition in
17
semiconductors doped with transition metals, Rev. Mod.
Phys. 87, 1311 (2015).
96 We note that even in the case C is nonzero, its role in
Eq. 5 is minimized by a procedure we use to extract
MZnO:Fe(B, T ).
97 M. Boshta, E. Chikoidze, M. Sayed, C. Vilar, B. Berini,
and Y. Dumont, Effect of substrate on structural and
transport properties of sprayed Fe:ZnO polycrystalline thin
films, Journal of Materials Science 49, 7943 (2014).
98 A. Janotti and C. G. V. de Walle, Fundamentals of zinc
oxide as a semiconductor, Reports on Progress in Physics
72, 126501 (2009).
99 F. Tuomisto, V. Ranki, K. Saarinen, and D. C. Look, Ev-
idence of the Zn Vacancy Acting as the Dominant Accep-
tor in n-Type ZnO, Physical Review Letters 91, 205502
(2003).
100 H. Kaftelen, K. Ocakoglu, R. Thomann, S. Tu, S. Weber,
and E. Erdem, EPR and photoluminescence spectroscopy
studies on the defect structure of ZnO nanocrystals, Phys-
ical Review B 86, 014113 (2012).
101 E. Erdem, Microwave power, temperature, atmospheric
and light dependence of intrinsic defects in ZnO nanopar-
ticles: A study of electron paramagnetic resonance (EPR)
spectroscopy, Journal of Alloys and Compounds 605, 34
(2014).
102 S. Repp and E. Erdem, Controlling the exciton energy of
zinc oxide (ZnO) quantum dots by changing the confine-
ment conditions, Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy 152, 637 (2016).
103 J.-G. Rousset, J. Papierska, W. Pacuski, A. Golnik,
M. Nawrocki, W. Stefanowicz, S. Stefanowicz, M. Saw-
icki, R. Jakie la, T. Dietl, A. Navarro-Quezada, B. Faina,
T. Li, A. Bonanni, and J. Suffczyn´ski, Relation between
exciton splittings, magnetic circular dichroism, and mag-
netization in wurtzite Ga1−xFexN, Physical Review B 88,
115208 (2013).
104 J. H. V. Vleck, The Theory of Electric and Magnetic Sus-
ceptibilities (Oxford University Press, London, 1932).
105 J. P. Mahoney, C. C. Lin, W. H. Brumage, and F. Dor-
man, Determination of the Spin–Orbit and Trigonal-Field
Splittings of the 5E State of Fe2+ in ZnO, ZnS, CdS,
ZnSe, CdSe, ZnTe, and CdTe Crystals by Magnetic Sus-
ceptibilities, The Journal of Chemical Physics 53, 4286
(1970).
106 A. Mauger, D. Scalbert, J. A. Gaj, J. Cernogora, and
C. Benoit a` la Guillaume, Magneto-optical properties of
the Van Vleck semimagnetic semiconductor Cd1-xFexSe.
I. The electronic structure of Fe 2+, Physical Review B
43, 7102 (1991).
107 C. Benoit a` la Guillaume, Semimagnetic Semiconduc-
tors and Diluted Magnetic Semiconductors (Springer US,
Boston, MA, 1991), chap. II-Fe-VI Semimagnetic Semi-
conductors, pp. 191–208.
108 B. K. Meyer, H. Alves, D. M. Hofmann, W. Krieg-
seis, D. Forster, F. Bertram, J. Christen, A. Hoffmann,
M. Straburg, M. Dworzak, U. Haboeck, and A. V. Rod-
ina, Bound exciton and donoracceptor pair recombinations
in ZnO, physica status solidi (b) 241, 231 (2004).
109 V. Abramishvili, A. Komarov, S. Ryabchenko, and Y. Se-
menov, Magnetic-field affected luminescence of Mn2+ ions
in Zn1-xMnxSe compounds under resonance excitation of
excitons, Solid State Communications 78, 1069 (1991).
110 M. Nawrocki, Y. G. Rubo, J. P. Lascaray, and D. Coquil-
lat, Physical Review B 52, R2241 (1995).
111 S. Lee, M. Dobrowolska, and J. K. Furdyna, Effect of
spin-dependent Mn 2+ internal transitions in CdSe/Zn1-
xMnxSe magnetic semiconductor quantum dot systems,
Physical Review B 72, 075320 (2005).
112 K. Ga lkowski, P. Wojnar, E. Janik, J. Papierska, K. Saw-
icki, P. Kossacki, and J. Suffczyn´ski, Exciton dynam-
ics in individual semimagnetic (Zn,Mn)Te/(Zn,Mg)Te
nanowires, Journal of Applied Physics 118, 095704
(2015).
113 R. Brazis and J. Kossut, Role of magnetic fluctuations in
the luminescence line width of small systems, Solid State
Communications 122, 73 (2002).
114 The Kohn-Sham energy of e2↓ occupied with one electron
(while keeping the conduction band empty) was not cal-
culated directly, since the calculations do not converge.
Its approximate energy is 1 eV above CBM, but the ex-
act value is not needed to assess the ”pseudo-resonant”
character of Fe in ZnO.
